Improving arterial spin labeling by temporal filtering by Petr, Jan et al.
Improving arterial spin labeling by temporal filtering
Jan Petr, Jean-Christophe Ferre´, Jean-Yves Gauvrit, Christian Barillot
To cite this version:
Jan Petr, Jean-Christophe Ferre´, Jean-Yves Gauvrit, Christian Barillot. Improving arterial
spin labeling by temporal filtering. SPIE Medical Imaging 2010: Image Processing, Feb 2010,
San Diego, United States. 7623, pp.n.a, 2010, <10.1117/12.843960>. <inserm-00601146>
HAL Id: inserm-00601146
http://www.hal.inserm.fr/inserm-00601146
Submitted on 16 Jun 2011
HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.
L’archive ouverte pluridisciplinaire HAL, est
destine´e au de´poˆt et a` la diffusion de documents
scientifiques de niveau recherche, publie´s ou non,
e´manant des e´tablissements d’enseignement et de
recherche franc¸ais ou e´trangers, des laboratoires
publics ou prive´s.
Improving arterial spin labeling data by temporal filtering
❏❛♥ P❡tr✶✱✸✱✹✱ ❏❡❛♥✲❈❤r✐st♦♣❤❡ ❋❡rré✶✱✷✱✸✱✹✱ ❏❡❛♥✲❨✈❡s ●❛✉✈r✐t✶✱✷✱✸✱✹ ❛♥❞ ❈❤r✐st✐❛♥ ❇❛r✐❧❧♦t✶✱✸✱✹
✶■◆❘■❆✱ ❱✐s❆●❡❙ Pr♦❥❡❝t✲❚❡❛♠✱ ❋✲✸✺✵✹✷ ❘❡♥♥❡s✱ ❋r❛♥❝❡
✷❈❍❯✱ ❯♥✐✈❡rs✐t② ❍♦s♣✐t❛❧ ♦❢ ❘❡♥♥❡s✱ ❘❛❞✐♦❧♦❣② ❉❡♣t✳✱ ❋✲✸✺✵✹✸ ❘❡♥♥❡s✱ ❋r❛♥❝❡
✸❯♥✐✈❡rs✐t② ♦❢ ❘❡♥♥❡s ■✱ ❈◆❘❙✱ ❯▼❘ ✻✵✼✹✱ ■❘■❙❆✱ ❋✲✸✺✵✹✷ ❘❡♥♥❡s✱ ❋r❛♥❝❡
✹■◆❙❊❘▼✱ ❯✼✹✻✱ ❋✲✸✺✵✹✷ ❘❡♥♥❡s✱ ❋r❛♥❝❡
❆❇❙❚❘❆❈❚
❆rt❡r✐❛❧ s♣✐♥ ❧❛❜❡❧✐♥❣ ✭❆❙▲✮ ✐s ❛♥ ▼❘■ ♠❡t❤♦❞ ❢♦r ✐♠❛❣✐♥❣ ❜r❛✐♥ ♣❡r❢✉s✐♦♥ ❜② ♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧✐♥❣ ❜❧♦♦❞ ✐♥
❜r❛✐♥ ❢❡❡❞✐♥❣ ❛rt❡r✐❡s✳ ❚❤❡ ♣❡r❢✉s✐♦♥ ✐s ♦❜t❛✐♥❡❞ ❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ ✐♠❛❣❡s ✇✐t❤ ❛♥❞ ✇✐t❤♦✉t ♣r✐♦r
❧❛❜❡❧✐♥❣✳ ■♠❛❣❡ ♥♦✐s❡ ✐s ♦♥❡ ♦❢ t❤❡ ♠❛✐♥ ♣r♦❜❧❡♠s ♦❢ ❆❙▲ ❛s t❤❡ ❞✐✛❡r❡♥❝❡ ✐s ❛r♦✉♥❞ ✵✳✺✲✷✪ ♦❢ t❤❡ ✐♠❛❣❡
♠❛❣♥✐t✉❞❡✳ ❯s✉❛❧❧②✱ ✷✵✕✹✵ ♣❛✐rs ♦❢ ✐♠❛❣❡s ♥❡❡❞ t♦ ❜❡ ❛❝q✉✐r❡❞ ❛♥❞ ❛✈❡r❛❣❡❞ t♦ r❡❛❝❤ ❛ s❛t✐s❢❛❝t♦r② q✉❛❧✐t②✳ ❚❤❡
✐♠❛❣❡s ❛r❡ ❛❝q✉✐r❡❞ s❤♦rt❧② ❛❢t❡r t❤❡ ❧❛❜❡❧✐♥❣ t♦ ❛❧❧♦✇ t❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞ t♦ r❡❛❝❤ t❤❡ ✐♠❛❣❡❞ s❧✐❝❡✳ ❆ s❡q✉❡♥❝❡
♦❢ ✐♠❛❣❡s ✇✐t❤ ♠✉❧t✐♣❧❡ ❞❡❧❛②s ✐s ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❝❡r❡❜r❛❧ ❜❧♦♦❞ ✢♦✇ ❛s ✐t ❣✐✈❡s ♠♦r❡
✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ❜❧♦♦❞ ❛rr✐✈❛❧ ❛♥❞ r❡❧❛①❛t✐♦♥✳ ❆❧t❤♦✉❣❤ t❤❡ q✉❛♥t✐✜❝❛t✐♦♥ ♠❡t❤♦❞s ❛r❡ s❡♥s✐t✐✈❡ t♦ ♥♦✐s❡✱
♥♦ ✜❧t❡r✐♥❣ ♦r ♦♥❧② ●❛✉ss✐❛♥ ✜❧t❡r✐♥❣ ✐s ✉s❡❞ t♦ ❞❡♥♦✐s❡ t❤❡ ❞❛t❛ ✐♥ t❤❡ t❡♠♣♦r❛❧ ❞♦♠❛✐♥ ♣r✐♦r t♦ q✉❛♥t✐✜❝❛t✐♦♥✳
■♥ t❤✐s ❛rt✐❝❧❡✱ ✇❡ ♣r♦♣♦s❡ ❛♥ ❡✣❝✐❡♥t ✇❛② t♦ ✉s❡ t❤❡ r❡❞✉♥❞❛♥❝② ♦❢ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ t✐♠❡ s❡q✉❡♥❝❡ ♦❢ ❡❛❝❤ ♣✐①❡❧
t♦ s✉♣♣r❡ss ♥♦✐s❡✳ ❋♦r t❤✐s ♣✉r♣♦s❡✱ t❤❡ ✈❡❝t♦r✐❛❧ ◆▲✲♠❡❛♥s ♠❡t❤♦❞ ✐s ❛❞❛♣t❡❞ t♦ ✇♦r❦ ✐♥ t❤❡ t❡♠♣♦r❛❧ ❞♦♠❛✐♥✳
❚❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ✐s t❡st❡❞ ♦♥ s✐♠✉❧❛t❡❞ ❛♥❞ r❡❛❧ ✸❚ ▼❘■ ❞❛t❛✳ ❲❡ ❞❡♠♦♥str❛t❡ ❛ ❝❧❡❛r ✐♠♣r♦✈❡♠❡♥t ♦❢ t❤❡
✐♠❛❣❡ q✉❛❧✐t② ❛s ✇❡❧❧ ❛s ❛ ❜❡tt❡r ♣❡r❢♦r♠❛♥❝❡ ❝♦♠♣❛r❡❞ t♦ ●❛✉ss✐❛♥ ❛♥❞ ♥♦r♠❛❧ s♣❛t✐❛❧ ◆▲✲♠❡❛♥s ✜❧t❡r✐♥❣✳
✶✳ ■◆❚❘❖❉❯❈❚■❖◆
❆rt❡r✐❛❧ s♣✐♥ ❧❛❜❡❧✐♥❣ ✭❆❙▲✮ ✐s ❛♥ ▼❘■ ♠❡t❤♦❞ ❢♦r ✐♠❛❣✐♥❣ ❜r❛✐♥ ♣❡r❢✉s✐♦♥ ❜② ♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧✐♥❣ ❜❧♦♦❞ ✐♥
❜r❛✐♥ ❢❡❡❞✐♥❣ ❛rt❡r✐❡s✳ ❚❤❡ ♠❛✐♥ ❛❞✈❛♥t❛❣❡ ♦❢ ❆❙▲ ✐s t❤❡ ❛❜s❡♥❝❡ ♦❢ ❝♦♥tr❛st ❛❣❡♥ts ♦r ✐♦♥✐③✐♥❣ r❛❞✐❛t✐♦♥✳ ❚❤✐s
❝♦♠♣❧❡t❡ ♥♦♥✐♥✈❛s✐✈❡♥❡ss ♠❛❦❡s ✐t ❡s♣❡❝✐❛❧❧② s✉✐t❛❜❧❡ ❢♦r ❤❡❛❧t❤② ♣❛t✐❡♥ts ❛♥❞ ❢♦r r❡♣❡t✐t✐✈❡ ❢♦❧❧♦✇✲✉♣s✳✶
❚❤❡r❡ ❛r❡ t✇♦ ❜❛s✐❝ ❧❛❜❡❧✐♥❣ s❝❤❡♠❡s ✉s❡❞ ❢♦r ❆❙▲ ✕ ♣✉❧s❡❞ ❛♥❞ ❝♦♥t✐♥✉♦✉s✳ ❚❤❡② ❜♦t❤ ❢✉♥❝t✐♦♥ ♦♥ ❛ s✐♠✐❧❛r
♣r✐♥❝✐♣❧❡ ❛♥❞ ❞✐✛❡r ✐♥ t❤❡ ❞❡s✐❣♥ ♦❢ ❛❝q✉✐s✐t✐♦♥ s❡q✉❡♥❝❡✳ ■♥ t❤✐s ❛rt✐❝❧❡✱ ✇❡ ❢♦❝✉s ♦♥ ♣✉❧s❡❞ ❆❙▲ ✭P❆❙▲✮✳
❍♦✇❡✈❡r✱ t❤❡ ♣r♦♣♦s❡❞ ✜❧t❡r✐♥❣ ♠❡t❤♦❞ ❝❛♥ ❜❡ ❛s ✇❡❧❧ ❛♣♣❧✐❡❞ ♦♥ ❝♦♥t✐♥✉♦✉s ❆❙▲ ✭❈❆❙▲✮✳
■♥ P❆❙▲✱ ❛♥ ✶✽✵◦ ❘❋ ♣✉❧s❡ ✐s ❛♣♣❧✐❡❞ ❜❡❢♦r❡ t❤❡ ❛❝q✉✐s✐t✐♦♥ t♦ ❛ t❤✐❝❦ s❧❛❜ ✐♥❢❡r✐♦r t♦ t❤❡ ✐♠❛❣❡❞ s❧✐❝❡ t♦
♠❛❣♥❡t✐❝❛❧❧② ❧❛❜❡❧ t❤❡ ❛rt❡r✐❛❧ ❜❧♦♦❞✳ ❚❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞ t❤❡♥ ❝♦♥t✐♥✉♦✉s ✐ts ♠♦✈❡♠❡♥t ✐♥ t❤❡ ✈❛s❝✉❧❛r s②st❡♠✱
✐t r❡❛❝❤❡s t❤❡ s❧✐❝❡ ♦❢ ✐♥t❡r❡st ❛♥❞ ♣❡r❢✉s❡s t❤❡ ❜r❛✐♥ t✐ss✉❡✳ ❆t ❛ s♣❡❝✐✜❡❞ t✐♠❡ ❛❢t❡r t❤❡ ❧❛❜❡❧✐♥❣ ✭✐♥✈❡rs✐♦♥ t✐♠❡
✕ TI♠s✮ ❛ st❛♥❞❛r❞ ❊P■ s❡q✉❡♥❝❡ ✐s ✉s❡❞ t♦ ❛❝q✉✐r❡ ❛ s♦✲❝❛❧❧❡❞ ❧❛❜❡❧❡❞ ✐♠❛❣❡✳ ❙✉❝❤ ❧❛❜❡❧❡❞ ✐♠❛❣❡ ❤❛s s❧✐❣❤t❧②
❞❡❝r❡❛s❡❞ ✐♥t❡♥s✐t② ❛s ❛ r❡s✉❧t ♦❢ t❤❡ ♣r❡s❡♥❝❡ ♦❢ ✶✽✵◦ ✐♥✈❡rt❡❞ s♣✐♥s ❢r♦♠ t❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞✳
❚❤❡ s❛♠❡ ❛❝q✉✐s✐t✐♦♥ ✇✐t❤♦✉t ♣r✐♦r ❜❧♦♦❞ ❧❛❜❡❧✐♥❣ ✐s r❡♣❡❛t❡❞ t♦ ♦❜t❛✐♥ ❛ ❝♦♥tr♦❧ ✐♠❛❣❡✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐♠❛❣❡
✭❝♦♥tr♦❧✕❧❛❜❡❧❡❞✮ r❡✢❡❝ts t❤❡ ♠❛❣♥❡t✐③❛t✐♦♥ ♦❢ t❤❡ ✐♥✢♦✇✐♥❣ ❜❧♦♦❞ ✐♥ ❡❛❝❤ ✈♦①❡❧ ❛♥❞ ✐t ✐s ❞✐r❡❝t❧② ♣r♦♣♦rt✐♦♥❛❧
t♦ t❤❡ t✐ss✉❡ ♣❡r❢✉s✐♦♥✳ ❆s t❤❡ ❞✐✛❡r❡♥❝❡ ✐s ✉s✉❛❧❧② ❛r♦✉♥❞ ✵✳✺✲✷✪ ♦❢ t❤❡ ❝♦♥tr♦❧ ✐♠❛❣❡ ♠❛❣♥✐t✉❞❡✱ ✐ts s✐❣♥❛❧✲t♦✲
♥♦✐s❡✲r❛t✐♦ ✭❙◆❘✮ ✐s ♥♦t s✉✣❝✐❡♥t ❢♦r ❢✉rt❤❡r ❛♥❛❧②s✐s✳ ❚②♣✐❝❛❧❧②✱ ✷✵✕✹✵ ♣❛✐rs ♦❢ ❝♦♥tr♦❧ ❛♥❞ ❧❛❜❡❧❡❞ ✐♠❛❣❡s ❛r❡
❛❝q✉✐r❡❞ ✭❢♦r ❡❛❝❤ s❧✐❝❡ ❛♥❞ TI✮ ❛♥❞ ❛✈❡r❛❣❡❞ t♦ ♦❜t❛✐♥ ❙◆❘ s✉✣❝✐❡♥t ❢♦r ❝❡r❡❜r❛❧ ❜❧♦♦❞ ✢♦✇ ✭❈❇❋✮ q✉❛♥t✐✜❝❛t✐♦♥
♦r ❢♦r ✈✐s✉❛❧ ❛♥❛❧②s✐s ♦❢ t❤❡ ♣❡r❢✉s✐♦♥✳
❙❡✈❡r❛❧ ♣❛r❛♠❡t❡rs ♥❡❡❞ t♦ ❜❡ ❡st✐♠❛t❡❞ t♦ ❛❧❧♦✇ ❝♦rr❡❝t q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ t❤❡ ❈❇❋ ✭t✐ss✉❡ ❛♥❞ ❜❧♦♦❞ r❡✲
❧❛①❛t✐♦♥ t✐♠❡s✱ ❡q✉✐❧✐❜r✐✉♠ ❜❧♦♦❞ ♠❛❣♥❡t✐③❛t✐♦♥✱ ❛rr✐✈❛❧ t✐♠❡ ♦❢ ❜❧♦♦❞ t♦ t✐ss✉❡ ❡t❝✳✮✳ ❱❛❧✉❡s ♦❢ ♠♦st ♦❢ t❤❡s❡
♣❛r❛♠❡t❡rs ✇❡r❡ ❡st✐♠❛t❡❞ ❢♦r ✶✳✺❚ ❛♥❞ ✸❚ s❝❛♥♥❡rs ♦r t❤❡② ❝❛♥ ❜❡ ❡❛s✐❧② ❡st✐♠❛t❡❞ ❢♦r ❡❛❝❤ ✐♥❞✐✈✐❞✉❛❧ ❢r♦♠ t❤❡
st❛♥❞❛r❞ ❆❙▲ ❞❛t❛✳ ❍♦✇❡✈❡r✱ t❤❡ ❛rr✐✈❛❧ t✐♠❡ TA ♦❢ t❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞ ✈❛r✐❡s ✐♥ ♣♦♣✉❧❛t✐♦♥✱ ✐t ✐s ♥♦♥✲✉♥✐❢♦r♠
❛❝r♦ss t❤❡ ❜r❛✐♥✷ ❛♥❞ ✐t ❝❛♥♥♦t ❜❡ ❡①tr❛❝t❡❞ ❢r♦♠ ❛♥ ❆❙▲ ✐♠❛❣❡ ✇✐t❤ ❛ s✐♥❣❧❡ TI t❤❛t ✐s t❤❡ ❝♦♠♠♦♥ ♠♦❞❡
t♦ st✉❞② t❤❡ ❜r❛✐♥ ♣❡r❢✉s✐♦♥✳ ❆ s♣❡❝✐❛❧ ❧❛❜❡❧✐♥❣ s❡q✉❡♥❝❡ ❝❛❧❧❡❞ ◗❯■P❙❙✸✱✹ ✇❛s ✐♥tr♦❞✉❝❡❞ t♦ ♦✈❡r❝♦♠❡ t❤✐s
❧✐♠✐t❛t✐♦♥✳ ■♥ ◗❯■P❙❙✱ t❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞ ❜♦❧✉s ✐s s❛t✉r❛t❡❞ ❛t ❛ ❝❡rt❛✐♥ t✐♠❡ TS ❛❢t❡r t❤❡ ❧❛❜❡❧✐♥❣ ❛♥❞ ❜❡❢♦r❡
t❤❡ ❛❝q✉✐s✐t✐♦♥✳ ❚❤❡ t❡♠♣♦r❛❧ ❧❡♥❣t❤ ♦❢ t❤❡ ❜♦❧✉s ✐s t❤✉s ♣r❡❝✐s❡❧② ❞❡✜♥❡❞ t♦ ❜❡ TS✳ ❚❤❡ ✐♥✈❡rs✐♦♥ t✐♠❡ ✐s t❤❡♥
❝❤♦s❡♥ t♦ ❜❡ TI > TS + TA ❢♦r ❛❧❧ ♣✐①❡❧s t♦ ❡♥s✉r❡ t❤❛t t❤❡ ❜❧♦♦❞ ❜♦❧✉s ❤❛s ❡♥t✐r❡❧② ♣❛ss❡❞ t❤r♦✉❣❤ ❛❧❧ ♣✐①❡❧s ❛t
t❤❡ ♠♦♠❡♥t ♦❢ ❛❝q✉✐s✐t✐♦♥✳ ❚❤✐s r❡♥❞❡rs t❤❡ ♣❡r❢✉s✐♦♥✲✇❡✐❣❤t❡❞ ✐♠❛❣❡s ❧❡ss ❞❡♣❡♥❞❡♥t ♦♥ t❤❡ ❛rr✐✈❛❧ t✐♠❡ ❛♥❞
❛❧❧♦✇s t❤❡ ❝♦rr❡❝t q✉❛♥t✐✜❝❛t✐♦♥ ♦❢ ❈❇❋ ✇✐t❤♦✉t t❤❡ ♣r❡❝✐s❡ ❦♥♦✇❧❡❞❣❡ ♦❢ TA✳
❚❤✐s ❛♣♣r♦❛❝❤ ❤♦✇❡✈❡r ❞♦❡s ♥♦t ✇♦r❦ ❢♦r t❤❡ ❝❛s❡ ♦❢ t♦♦ ❧♦♥❣ ❛rr✐✈❛❧ t✐♠❡s ✭❢♦r ❡①❛♠♣❧❡ ♣❛t✐❡♥ts ✇✐t❤
❛t❤❡r♦s❝❧❡r♦s✐s✮✳ ❚❤❡ s♦❧✉t✐♦♥ ✐♥ t❤✐s ❝❛s❡ ✐s t♦ ♦❜t❛✐♥ ♠♦r❡ ✐♥❢♦r♠❛t✐♦♥ ❛❜♦✉t t❤❡ ✐♥✢♦✇ ♦❢ ❜❧♦♦❞ ❜② ❛❝q✉✐r✐♥❣
✐♠❛❣❡s ❢♦r s❡✈❡r❛❧ ❞✐✛❡r❡♥t TIs✳ ❈❇❋ ❝❛♥ t❤❡♥ ❜❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ ❞❡❝♦♥✈♦❧✉t✐♦♥✺ ♦r ❜② ✜tt✐♥❣ ❛ ♣❡r❢✉s✐♦♥
♠♦❞❡❧✻✕✽ t♦ t❤❡ ❞❛t❛✳ ❙✐♥❝❡ ❛❧❧ ♦❢ t❤❡s❡ ♠❡t❤♦❞s ❛r❡ s❡♥s✐t✐✈❡ t♦ ♥♦✐s❡✱ ❛ r❡❧✐❛❜❧❡ ❞❡♥♦✐s✐♥❣ ♠❡t❤♦❞ ❝❛♥ ❜❡ ♦❢
❣r❡❛t ✐♠♣♦rt❛♥❝❡ ❢♦r ✐♥❝r❡❛s✐♥❣ q✉❛♥t✐✜❝❛t✐♦♥ ♣r❡❝✐s✐♦♥ ❛s ❝✉rr❡♥t❧② ♦♥❧② ❲✐❡♥❡r✾ ♦r ●❛✉ss✐❛♥ ✜❧t❡r✐♥❣✶✵ ✐s ✉s❡❞
❢♦r t❤✐s ♣✉r♣♦s❡✳
❲❡ ♣r♦♣♦s❡ ❛ ♠♦❞❡❧✲❢r❡❡ ♠❡t❤♦❞ t❤❛t ✉s❡s r❡❞✉♥❞❛♥❝② ♦❢ ✐♥❢♦r♠❛t✐♦♥ ✐♥ t❤❡ t✐♠❡ ❞♦♠❛✐♥ t♦ ❞❡♥♦✐s❡ t❤❡
♠✉❧t✐✲TI P❆❙▲ s❡q✉❡♥❝❡✳ ❚❤❡ ♠❡t❤♦❞ s❡❛r❝❤❡s ❢♦r ♣✐①❡❧s ✇✐t❤ s✐♠✐❧❛r ♣❡r❢✉s✐♦♥ ♣r♦♣❡rt✐❡s ✇❤♦s❡ ♠❡❛s✉r❡❞
✈❛❧✉❡s ❞✐✛❡r ♦♥❧② ✐♥ ♥♦✐s❡✳ ❆✈❡r❛❣✐♥❣ t❤❡ ✐♥t❡♥s✐t✐❡s ♦❢ t❤♦s❡ s✐♠✐❧❛r ♣✐①❡❧s t❤❡♥ r❡s✉❧ts ✐♥ ♥♦✐s❡ s✉♣♣r❡ss✐♦♥✳ ❋♦r
t❤✐s ♣✉r♣♦s❡✱ t❤❡ ◆▲✲▼❡❛♥s ♠❡t❤♦❞✶✶✕✶✸ ✐s ❛❞❛♣t❡❞ t♦ ✉s❡ t❤❡ t✐♠❡ ♥❡✐❣❤❜♦r❤♦♦❞ ♦❢ ❡❛❝❤ ♣✐①❡❧ ✐♥st❡❛❞ ♦❢ t❤❡
s♣❛t✐❛❧ ♥❡✐❣❤❜♦r❤♦♦❞✳ ❚❤❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ t❤❡ ♠❡t❤♦❞ ✐s ✈❛❧✐❞❛t❡❞ ✜rst ♦♥ ❛ s✐♠✉❧❛t❡❞ ❞❛t❛s❡t ❝r❡❛t❡❞ ❜② ✜tt✐♥❣
❛ ♣❡r❢✉s✐♦♥ ♠♦❞❡❧✽ t♦ ❞❛t❛ ❢r♦♠ ❛ ❤❡❛❧t❤② ✈♦❧✉♥t❡❡r ❛♥❞ ❛❧s♦ ♦♥ ❛ ❞❛t❛s❡t ♦❜t❛✐♥❡❞ ✉s✐♥❣ ♠♦r❡ ✶✹✵ ♣❛✐rs ♦❢
❝♦♥tr♦❧✲❧❛❜❡❧❡❞ ✐♠❛❣❡s ✐♥st❡❛❞ ♦❢ t❤❡ ✉s✉❛❧ ✸✵ ♣❛✐rs✳ ❚❤❡ ♣r♦♣♦s❡❞ ♠❡t❤♦❞ ✐s t❡st❡❞ ❢♦r ❞✐✛❡r❡♥t ❧❡✈❡❧s ♦❢ ♥♦✐s❡
❛♥❞ ✐♠♣r♦✈❡❞ ❙◆❘ ✐s ❞❡♠♦♥str❛t❡❞✳
✷✳ ▼❊❚❍❖❉❙
✷✳✶ ❚❤❡ ◆▲✲♠❡❛♥s ❛❧❣♦r✐t❤♠
❚❤❡ ◆▲✲▼❡❛♥s ❛❧❣♦r✐t❤♠ ✇❛s ✜rst ✐♥tr♦❞✉❝❡❞ ❜② ❇✉❛❞❡s ❡t ❛❧✳✶✶ ❛♥❞ ✐t ✇❛s s✉❝❝❡ss❢✉❧❧② ❛♣♣❧✐❡❞ ✐♥ t❤❡ ✜❡❧❞
♦❢ ♠❡❞✐❝❛❧ ✐♠❛❣✐♥❣✳✶✷ ❈♦♥tr❛r② t♦ t❤❡ ♣r✐♥❝✐♣❧❡ ♦❢ ♠♦st ❞❡♥♦✐s✐♥❣ ♠❡t❤♦❞s ✇❤✐❝❤ ❛✈❡r❛❣❡ ✐♥t❡♥s✐t✐❡s ♦❢ ✈♦①❡❧s
✐♥ t❤❡ s♣❛t✐❛❧ ♥❡✐❣❤❜♦r❤♦♦❞✱ ◆▲✲♠❡❛♥s r❡❝♦♥str✉❝ts t❤❡ ✈❛❧✉❡ ♦❢ ❡❛❝❤ ♣✐①❡❧ ❜② ✇❡✐❣❤t❡❞ ❛✈❡r❛❣✐♥❣ ✐♥t❡♥s✐t✐❡s ♦❢
s✐♠✐❧❛r ♣✐①❡❧s t❤❛t ❝❛♥ ❜❡ ❧♦❝❛t❡❞ ❛♥②✇❤❡r❡ ✐♥ t❤❡ ✐♠❛❣❡ ❛♥❞ ♥♦t ♥❡❝❡ss❛r✐❧② ✐♥ t❤❡ ♥❡✐❣❤❜♦r❤♦♦❞✳ ❚❤❡ ✇❡✐❣❤ts
r❡✢❡❝t t❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ ♣✐①❡❧s ❛♥❞ ❛r❡ ❡st✐♠❛t❡❞ ❜② ❝♦♠♣❛r✐♥❣ t❤❡ ✐♥t❡♥s✐t✐❡s ✐♥ t❤❡✐r ♥❡✐❣❤❜♦r❤♦♦❞s✳
❊❛❝❤ ✜❧t❡r❡❞ ✈❛❧✉❡ NLv(i) ✐s t❤✉s ❛ ✇❡✐❣❤t❡❞ ❛✈❡r❛❣❡ ♦❢ ✐♥t❡♥s✐t✐❡s ♦❢ ❛❧❧ ♣✐①❡❧s v(j) ❢r♦♠ t❤❡ ♥♦✐s② ✐♠❛❣❡ I
NLv(i) =
∑
j∈I
w(i, j)v(j), ✭✶✮
✇❤❡r❡ t❤❡ ✇❡✐❣❤ts w q✉❛♥t✐❢② t❤❡ s✐♠✐❧❛r✐t② ❜❡t✇❡❡♥ t❤❡ ♣✐①❡❧s i ❛♥❞ j ✉s✐♥❣ t❤❡✐r s♣❛t✐❛❧ ♥❡✐❣❤❜♦r❤♦♦❞✳ ❚❤❡
sq✉❛r❡ ❊✉❝❧✐❞❡❛♥ ❞✐st❛♥❝❡ ♦❢ t❤❡ ✐♥t❡♥s✐t✐❡s ✇✐t❤ ●❛✉ss✐❛♥ ✇❡✐❣❤t✐♥❣ ✐s ❡♠♣❧♦②❡❞✿
w(i, j) =
1
Z(i)
e−
P
k∈K |v(i+k)−v(j+k)‖
2
h2 , ✭✷✮
✇❤❡r❡ K ❞❡✜♥❡s t❤❡ s♣❛t✐❛❧ ♥❡✐❣❤❜♦r❤♦♦❞✱ Z(i) ✐s ❛ ♥♦r♠❛❧✐③❛t✐♦♥ ❝♦♥st❛♥t s✉❝❤ t❤❛t Z(i) =
∑
j w(i, j) ❛♥❞ h
✐s ❛ s♠♦♦t❤✐♥❣ ♣❛r❛♠❡t❡r✳
✷✳✷ ◆▲✲♠❡❛♥s ✐♥ t✐♠❡
❚❤❡ s❤❛♣❡ ♦❢ t❤❡ ❛rt❡r✐❛❧ ✐♥♣✉t ❢✉♥❝t✐♦♥ ❛s ✇❡❧❧ ❛s t❤❡ t✐ss✉❡ r❡❧❛①❛t✐♦♥ t✐♠❡s ❛♥❞ ♣❡r❢✉s✐♦♥ ❞✐✛❡r ❛❝r♦ss t❤❡
❜r❛✐♥✳ ❍♦✇❡✈❡r✱ ✇❡ ❛ss✉♠❡ t❤❛t t❤❡r❡ ❛r❡ r❡❣✐♦♥s ♦r ✐♥❞✐✈✐❞✉❛❧ ♣✐①❡❧s ✇✐t❤ s✐♠✐❧❛r ♦r ❡q✉❛❧ ❜❡❤❛✈✐♦r✳✷ ❚❤❡✐r
✐♥t❡♥s✐t✐❡s ♠❡❛s✉r❡❞ ❜② ❆❙▲ t❤✉s ❞✐✛❡r ♦♥❧② ✐♥ ♥♦✐s❡✱ s❡❡ ❋✐❣✉r❡ ✶✳ ❚♦ ✉s❡ t❤✐s ♣r♦♣❡rt② ❢♦r ❞❡♥♦✐s✐♥❣✱ ✇❡ ❡①t❡♥❞
t❤❡ ✈❡❝t♦r✐❛❧ ◆▲✲♠❡❛♥s✶✸ t♦ ✐♥❝❧✉❞❡ ❛ t✐♠❡ ♥❡✐❣❤❜♦r❤♦♦❞✳ ❚❤❡ ✜❧t❡r❡❞ ✈❛❧✉❡ NLv(i, t) ♦♥ ♣♦s✐t✐♦♥ i ✐♥ ✐♠❛❣❡ V
❛♥❞ ✇✐t❤ TI ❡q✉❛❧ t♦ t ✐s ♦❜t❛✐♥❡❞ ❛s
NLv(i, t) =
∑
j∈V
w(i, j, t)v(j, t). ✭✸✮
❚❤❡ ✇❡✐❣❤ts w ❛r❡ ❡st✐♠❛t❡❞ ✉s✐♥❣ t❤❡ ❢♦❧❧♦✇✐♥❣ ❡q✉❛t✐♦♥ t❤❛t q✉❛♥t✐✜❡s t❤❡ ♣✐①❡❧ s✐♠✐❧❛r✐t②
w(i, j, t) =
1
Z(i, t)
exp
[(
−
∑
t′
|v(i, t′)− v(j, t′)|2 −
∑
k∈K
|v(i+ k, t)− v(j + k, t)|2
)
/(h2)
]
, ✭✹✮
❋✐❣✉r❡ ✶✳ ■❧❧✉str❛t✐♦♥ ♦❢ t❤❡ t❡♠♣♦r❛❧ ◆▲✲♠❡❛♥s ✜❧t❡r✐♥❣✳ ❚❤r❡❡ ❞✐✛❡r❡♥t ❝✉r✈❡s ❛r❡ ♦♥ t❤❡ ❧❡❢t ✐♠❛❣❡ ✕ t❤r❡❡ s❛♠♣❧❡s ♦❢
❡❛❝❤ ❝✉r✈❡ ✇✐t❤ r❛♥❞♦♠ ♥♦✐s❡ ❛r❡ ❞✐s♣❧❛②❡❞✳ ❆✈❡r❛❣✐♥❣ ❛❧❧ ♥✐♥❡ ❝✉r✈❡s t♦❣❡t❤❡r ✇✐t❤ ❛♣♣r♦♣r✐❛t❡ ✇❡✐❣❤t✐♥❣ ❣❡♥❡r❛t❡s t❤❡
r❡s✉❧t ♦♥ t❤❡ r✐❣❤t ✇✐t❤ ❝♦♥s✐❞❡r❛❜❧② ❧♦✇❡r ❧❡✈❡❧ ♦❢ ♥♦✐s❡✳
✇❤❡r❡ Z(i, t) =
∑
j w(i, j, t)✳ ❚❤❡ s♠♦♦t❤✐♥❣ ♣❛r❛♠❡t❡r h ✐s s❡t ❛s ♣r♦♣♦s❡❞ ❜② ❈♦✉♣❡ ❡t ❛❧✳
✶✷
h = 2σ2NT , ✭✺✮
✇❤❡r❡ NT ✐s t❤❡ ♥✉♠❜❡r ♦❢ TI ❛♥❞ K✱ ❛♥❞ σ ✐s t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ♥♦✐s❡✳
❚❤❡ ♣r♦♣♦s❡❞ ✜❧t❡r✐♥❣ ♠❡t❤♦❞ ❛ss✉♠❡s t❤❛t t❤❡ ❝♦♥tr♦❧✲❧❛❜❡❧❡❞ ✐♠❛❣❡ ❞✐✛❡r❡♥❝❡ ❝♦♥t❛✐♥s ●❛✉ss✐❛♥ ♥♦✐s❡✳ ■♥
t❤❡♦r②✱ ❜♦t❤ t❤❡ ❝♦♥tr♦❧ ❛♥❞ ❧❛❜❡❧❡❞ ❆❙▲ ✐♠❛❣❡s ❝♦♥t❛✐♥ ❘✐❝✐❛♥ ♥♦✐s❡✳ ❚❤❡r❡❢♦r❡✱ ✐t ♠❛② s❡❡♠ t❤❛t t❤❡ r❡❝❡♥t❧②
♣r♦♣♦s❡❞ ❘✐❝✐❛♥ ◆▲✲♠❡❛♥s ✜❧t❡r✐♥❣✶✹ ✇♦✉❧❞ ❜❡ ♠♦r❡ s✉✐t❛❜❧❡ ❢♦r t❤❡ ✜❧t❡r✐♥❣✳ ❍♦✇❡✈❡r✱ t❤❡ ❞✐✛❡r❡♥❝❡ ♦❢ ❝♦♥tr♦❧✲
❧❛❜❡❧❡❞ ✐♠❛❣❡s ✐s ✉s❡❞ ❛s t❤❡ ✐♥♣✉t ❞❛t❛✳ ❚❤❡ ❞✐✛❡r❡♥❝❡ ✐s ❛r♦✉♥❞ ✶✪ ♦❢ t❤❡ ❛✈❡r❛❣❡ ✐♠❛❣❡ ♠❛❣♥✐t✉❞❡✳ ❚❤❡ ❡✛❡❝t
♦❢ ❘✐❝✐❛♥ ❜✐❛s ✐♥ t❤❡ ❞✐✛❡r❡♥❝❡ ✐♠❛❣❡ ✐s t❤✉s ♥♦t s♦ s✐❣♥✐✜❝❛♥t✳ ▼♦r❡♦✈❡r✱ t❤❡ ♣❛r❛❧❧❡❧ ✐♠❛❣✐♥❣ ✐s ✉s✉❛❧❧② ✉s❡❞ ✐♥
❆❙▲✳ ❚❤✐s ❝❛♥ ♣r♦❞✉❝❡ ✐♠❛❣❡s ✇✐t❤ ✉♥❡q✉❛❧ ❞✐str✐❜✉t✐♦♥ ♦❢ ♥♦✐s❡ ✈❛r✐❛t✐♦♥✳ ❚❤❛t ♠❛❦❡s t❤❡ ❘✐❝✐❛♥ ◆▲✲♠❡❛♥s
✜❧t❡r✐♥❣✶✹ ❡✈❡♥ ❧❡ss s✉✐t❛❜❧❡ ❛s ❡q✉❛❧ ♥♦✐s❡ ✈❛r✐❛t✐♦♥ ✐♥ ❛❧❧ ♣✐①❡❧s ✐s t❤❡ ❦❡② ❛ss✉♠♣t✐♦♥ ♦❢ t❤❡ ♠❡t❤♦❞✳
✷✳✸ ❆❝q✉✐s✐t✐♦♥
❆ ❤❡❛❧t❤② ✈♦❧✉♥t❡❡r ❛❢t❡r ❣✐✈✐♥❣ ❛ ✇r✐tt❡♥ ✐♥❢♦r♠❡❞ ❝♦♥s❡♥t ✇❛s s❝❛♥♥❡❞ ♦♥ P❤✐❧✐♣s ❆❝❤✐❡✈❛ ✸❚ ▼❘■ s❝❛♥♥❡r
✭P❤✐❧✐♣s ▼❡❞✐❝❛❧ ❙②st❡♠s✱ ❇❡st✱ ❚❤❡ ◆❡t❤❡r❧❛♥❞s✮ ✇✐t❤ t❤❡ ❢♦❧❧♦✇✐♥❣ ♣❛r❛♠❡t❡rs✿ ❊P■❙❚❆❘ s❡q✉❡♥❝❡ ✇✐t❤ ▲♦♦❦✲
▲♦❝❦❡r str❛t❡❣② ❢♦r s❛♠♣❧✐♥❣ ♦❢ ♠✉❧t✐♣❧❡ t✐♠❡✲♣♦✐♥ts✱✶✺ TR ❂ ✹✵✵✵♠s✱ TE ❂ ✷✸♠s✱ ✢✐♣ ❛♥❣❧❡ ❂ ✹✵◦✱ ♠❛tr✐① s✐③❡ ❂
64×64✱ r❡s♦❧✉t✐♦♥ ❂ 3.6×3.6×6♠♠✱ ❙❊◆❙❊ ❢❛❝t♦r ❂ ✷✱ ✐♥t❡r✲s❧✐❝❡ ❣❛♣ ❂ ✵✳✻♠♠✱ ✶✺✵ r❡♣❡t✐t✐♦♥s ✭❝♦♥tr♦❧✲❧❛❜❡❧❡❞
♣❛✐rs✮ ❛♥❞ ❝✉t♦✛ ✈❡❧♦❝✐t② ♦❢ ❝r✉s❤❡r ❣r❛❞✐❡♥ts ✸❝♠✴s✳✶✻ ❋♦✉r s❧✐❝❡s ✇❡r❡ ❛❝q✉✐r❡❞ ✇✐t❤ TIs ❢♦r t❤❡ ❧♦✇❡st s❧✐❝❡
TI1/∆TI/TIlast = ✷✵✵♠s ✴ ✷✵✵♠s ✴ ✸✶✵✵♠s ❛♥❞ ❛♥ ❡①tr❛ ❞❡❧❛② ♦❢ ✸✾♠s ❜❡t✇❡❡♥ s❧✐❝❡s✳ ❆❧❧ t❤❡ ✶✺✵ r❡♣❡t✐t✐♦♥s
✇❡r❡ ❝♦r❡❣✐st❡r❡❞ t♦ ❝♦♠♣❡♥s❛t❡ ❢♦r t❤❡ ♣❛t✐❡♥t ♠♦t✐♦♥ ✇✐t❤ t❤❡ ✜rst ♦♥❡ ✉s✐♥❣ ✸❉ r✐❣✐❞✲❜♦❞② tr❛♥s❢♦r♠❛t✐♦♥
❛♥❞ ❛ ♠✉t✉❛❧ ✐♥❢♦r♠❛t✐♦♥ ❝r✐t❡r✐♦♥✳
❚❤❡ ♣❡r❢✉s✐♦♥ ✇❛s ❡st✐♠❛t❡❞ ❜② ✜tt✐♥❣ ❛ ♣❡r❢✉s✐♦♥ ♠♦❞❡❧ t♦ t❤❡ s❡q✉❡♥❝❡ ♦❢ ♠✉❧t✐✲TI ❞✐✛❡r❡♥❝❡ ✐♠❛❣❡s ✭❝♦♥tr♦❧
♠✐♥✉s ❧❛❜❡❧❡❞✮✳✽ ❚❤❡ ❧✐t❡r❛t✉r❡ ✈❛❧✉❡s ♦❢ ♠♦st ♦❢ t❤❡ ♠♦❞❡❧ ♣❛r❛♠❡t❡rs r❡❧❡✈❛♥t t♦ t❤❡ ✸❚ ✜❡❧❞ ✇❡r❡ ✉s❡❞✿ t✐ss✉❡
r❡❧❛①❛t✐♦♥ t✐♠❡ T1 = 1330ms✱ ❜❧♦♦❞ r❡❧❛①❛t✐♦♥ t✐♠❡ Tb = 1664ms✱
✶✼ ❜❧♦♦❞✲t✐ss✉❡ ♣❛rt✐t✐♦♥ ❝♦❡✣❝✐❡♥t λ = 0.9✳✶✽
❚❤❡ ❜❧♦♦❞ ✢♦✇✱ ❛rr✐✈❛❧ t✐♠❡ ❛♥❞ ❜♦❧✉s ❞✐s♣❡rs✐♦♥ ❢♦r ❡❛❝❤ ♣✐①❡❧ ✇❡r❡ ✐t❡r❛t✐✈❡❧② ❡st✐♠❛t❡❞ ❜② ♠✐♥✐♠✐③✐♥❣ t❤❡
sq✉❛r❡❞ ❞✐✛❡r❡♥❝❡ ❜❡t✇❡❡♥ t❤❡ ♠♦❞❡❧ ❛♥❞ t❤❡ ♠❡❛s✉r❡❞ ❞❛t❛ ✐♥ ❡❛❝❤ ♣✐①❡❧✱ s❡❡ ❋✐❣✉r❡ ✷✳
✷✳✹ ❉❛t❛s❡t
❚❤r❡❡ ❞❛t❛s❡ts ✇❡r❡ ❝r❡❛t❡❞ t♦ ✈❛❧✐❞❛t❡ t❤❡ ♣r♦♣♦s❡❞ ❞❡♥♦✐s✐♥❣ ♠❡t❤♦❞✳ ❚❤❡ ♠❡❛♥ ♦❢ t❤❡ ✶✺✵ r❡♣❡t✐t✐♦♥s ✇❛s
s❡t ❛s t❤❡ ❣r♦✉♥❞ tr✉t❤ ♦❢ t❤❡ ✜rst ❞❛t❛s❡t✳ ❋♦r ❡❛❝❤ ✈♦①❡❧ ❛♥❞ ❢♦r ❡❛❝❤ TI✱ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦✈❡r t❤❡
✶✺✵ r❡♣❡t✐t✐♦♥s ✇❛s ❡st✐♠❛t❡❞ ✭❛ss✉♠✐♥❣ ●❛✉ss✐❛♥ ❞✐str✐❜✉t✐♦♥✮✳ ❚❤❡ ♠❡❛♥ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ σ ♦✈❡r ❛❧❧ ♣✐①❡❧s
❛♥❞ ❛❧❧ TIs ✇❛s ❝♦♠♣✉t❡❞✳ ●❛✉ss✐❛♥ ♥♦✐s❡ ✇✐t❤ ③❡r♦ ♠❡❛♥ ❛♥❞ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥
√
Nσ ✇❛s ❛❞❞❡❞ t♦ t❤❡
❣r♦✉♥❞ tr✉t❤ ✐♠❛❣❡ ❢♦r N ❢r♦♠ ✶ t♦ ✸✵ t♦ ❝r❡❛t❡ ✸✵ ✈♦❧✉♠❡s ✇✐t❤ ♥♦✐s❡ ❧❡✈❡❧ s✐♠✐❧❛r t♦ t❤❛t ♦❢ ❛♥ ❛✈❡r❛❣❡ ♦❢
✶ t♦ ✸✵ r❡♣❡t✐t✐♦♥s✳ ❚❤❡s❡ ✈♦❧✉♠❡s ✇❡r❡ ♣r♦❝❡ss❡❞ ❜② t❤❡ t❤r❡❡ ♠❡t❤♦❞s ❞❡s❝r✐❜❡❞ ✐♥ ❙❡❝t✐♦♥ ✷ t♦ ❛ss❡ss t❤❡✐r
♣❡r❢♦r♠❛♥❝❡ ❛t ❞✐✛❡r❡♥t ♥♦✐s❡ ❧❡✈❡❧s ✭t❤❡ st❛♥❞❛r❞ ◆▲✲♠❡❛♥s ✜❧tr❛t✐♦♥ ✇✐t❤ 3× 3 ♥❡✐❣❤❜♦r❤♦♦❞✱ t❤❡ ◆▲✲♠❡❛♥s
✇✐t❤ t❤❡ ❡①tr❛ t✐♠❡✲♥❡✐❣❤❜♦r❤♦♦❞ ♦❢ ✺ ♣✐①❡❧s ❛♥❞ ❛ ●❛✉ss✐❛♥ ✜❧t❡r ✇✐t❤ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ✵✳✽✺ ❛♣♣❧✐❡❞ ✐♥ t❤❡
t✐♠❡ ❞♦♠❛✐♥✶✵✮✳ ❚❤❡ ✜❧t❡r❡❞ ✐♠❛❣❡s ✇❡r❡ ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❣r♦✉♥❞ tr✉t❤ ✐♠❛❣❡ ❛♥❞ t❤❡ s✐❣♥❛❧✲t♦✲♥♦✐s❡ r❛t✐♦
✭❙◆❘✮ ✇❛s ❝♦♠♣✉t❡❞ ❢r♦♠ t❤❡ ❞✐✛❡r❡♥❝❡✳
❋✐❣✉r❡ ✷✳ ✭❧❡❢t✮ ❚❤❡ ❆❙▲ ✐♠❛❣❡ ♦❢ t❤❡ ❧♦✇❡st s❧✐❝❡ ❢♦r TI = 1200ms✳ ✭❝❡♥t❡r✮ ❚❤❡ ❝❡r❡❜r❛❧ ❜❧♦♦❞ ✢♦✇ ❛s ❡st✐♠❛t❡❞ ✉s✐♥❣
t❤❡ ❍r❛❜❡✬s ♠♦❞❡❧✳ ✭r✐❣❤t✮ ❚❤❡ ❡st✐♠❛t❡❞ ❛rr✐✈❛❧ t✐♠❡ ✐♥ s❡❝♦♥❞s✳
❚❤❡ ❡st✐♠❛t❡❞ ✈❛❧✉❡s ♦❢ t❤❡ ❍r❛❜❡✬s ♣❡r❢✉s✐♦♥ ♠♦❞❡❧ ✭❙❡❝t✐♦♥ ✷✳✸✮ ✇❡r❡ ✉s❡❞ t♦ ❣❡♥❡r❛t❡ t❤❡ s❡❝♦♥❞ ❞❛t❛s❡t
❝♦♥s✐st✐♥❣ ♦❢ ❛ s❡q✉❡♥❝❡ ♦❢ ✈♦❧✉♠❡s ❢♦r TIs ❡q✉❛❧ t♦ t❤♦s❡ ♦❢ t❤❡ ❛❝q✉✐r❡❞ ❞❛t❛✳ ❚❤❡ s❛♠❡ ✈❛❧✐❞❛t✐♦♥ ♣r♦❝❡ss ❛s
❢♦r t❤❡ ✜rst ❞❛t❛s❡t ✇❛s ✉s❡❞✳
❋✐♥❛❧❧②✱ t❤❡ ♠❡t❤♦❞s ✇❡r❡ ❡①❡❝✉t❡❞ ♦♥ t❤❡ ❞❛t❛s❡t ♦❢ ✶✺✵ ✉♥♣r♦❝❡ss❡❞ r❡♣❡t✐t✐♦♥s ✉s✐♥❣ ❧❡❛✈❡✲♦♥❡✲♦✉t ❝r♦ss
✈❛❧✐❞❛t✐♦♥✳ ❆ s❡t ♦❢ t❤❡ ✜rst N ✈♦❧✉♠❡s ♦✉t ♦❢ t❤❡ ✶✺✵ ✇❛s ✉s❡❞ ❛s ❛ ♥♦✐s② ✐♥♣✉t ❛♥❞ ❛♥ ❛✈❡r❛❣❡ ♦❢ t❤❡ r❡♠❛✐♥✐♥❣
150−N ✈♦❧✉♠❡s ❛s t❤❡ ❣r♦✉♥❞ tr✉t❤✳ ❚❤❡ s❛♠❡ ✇❛s r❡♣❡❛t❡❞ ✇✐t❤ t❤❡ s❡❝♦♥❞ s❡t ♦❢ N ✐♠❛❣❡s ✭❢r♦♠ t❤❡ N+1st
t♦ t❤❡ 2N t❤ ✐♠❛❣❡✮ ❡t❝✳ ❚❤❡ ❛✈❡r❛❣❡ ❙◆❘ ♦❢ t❤❡ 150/N r❡s✉❧ts ✇❛s ❝♦♠♣✉t❡❞✳ ❚❤❡ s❛♠❡ ♣r♦❝❡ss ✇❛s r❡♣❡❛t❡❞
❢♦r N = 5, 10, 15, 25, 30✳
✸✳ ❘❊❙❯▲❚❙
❘❡❧❛t✐✈❡ ♣❡r❢♦r♠❛♥❝❡ ♦❢ ❛❧❧ t❤❡ t❡st❡❞ ♠❡t❤♦❞s ✐s ♥❡❛r❧② t❤❡ s❛♠❡ ♦♥ ❛❧❧ ❢♦✉r s❧✐❝❡s ❛s ✐s ❞♦❝✉♠❡♥t❡❞ ♦♥ t❤❡
❝❛s❡ ♦❢ s✐♠✉❧❛t❡❞ ❞❛t❛✱ s❡❡ ❋✐❣✉r❡ ✸ r✐❣❤t✳ ❆❧s♦ t❤❡ r❡s✉❧ts ❛r❡ st❛❜❧❡ ❢♦r ❛❧❧ t❤❡ ✐♠❛❣❡s ✇✐t❤ ❞✐✛❡r❡♥t ✐♥✈❡rs✐♦♥
t✐♠❡s✱ s❡❡ ❋✐❣✉r❡ ✸ ♦♥ t❤❡ ❧❡❢t✳ ❋♦r t❤✐s r❡❛s♦♥✱ t❤❡ ❢♦❧❧♦✇✐♥❣ r❡s✉❧ts ❛r❡ ❞✐s♣❧❛②❡❞ ✉s✐♥❣ ♠❡❛♥ ❙◆❘ ♦✈❡r ❛❧❧ s❧✐❝❡s
❛♥❞ ✐♥✈❡rs✐♦♥ t✐♠❡s✳ ❚❤❡ ♦✈❡r❛❧❧ s✐❣♥❛❧ ✐s ✐♥❝r❡❛s✐♥❣ ❢♦r ✐♥✈❡rs✐♦♥ t✐♠❡s ❢r♦♠ 200ms t♦ ❛r♦✉♥❞ 1200ms ❛s t❤❡
❡✛❡❝t ♦❢ t❤❡ ❞❡❧❛②❡❞ ❛rr✐✈❛❧ ♦❢ t❤❡ ❧❛❜❡❧❡❞ ❜❧♦♦❞✳ ❋♦r ❤✐❣❤❡r ✐♥✈❡rs✐♦♥ t✐♠❡s✱ t❤❡ s✐❣♥❛❧ ✐s ❞❡❝r❡❛s✐♥❣ ❛s ❛ r❡s✉❧t
♦❢ r❡❧❛①❛t✐♦♥ ♦❢ t❤❡ ❧❛❜❡❧❡❞ s♣✐♥s ❛♥❞ ❛❧s♦ ❛s ❛ r❡s✉❧t ♦❢ r❡♣❡t✐t✐✈❡ ❡①❝✐t❛t✐♦♥ ♦❢ t❤❡ ❧❛❜❡❧❡❞ s♣✐♥s ✐♥ t❤❡ ✐♠❛❣❡❞
s❧✐❝❡✳ ❙✐♥❝❡ t❤❡ st❛♥❞❛r❞ ❞❡✈✐❛t✐♦♥ ♦❢ ♥♦✐s❡ ✐s ❝♦♥st❛♥t ❢♦r ❛❧❧ s❧✐❝❡s ❛♥❞ ❛❧❧ ✐♥✈❡rs✐♦♥ t✐♠❡s✱ t❤❡ ❙◆❘ ✐s ❝❤❛♥❣✐♥❣
✇✐t❤ t❤❡ ♦✈❡r❛❧❧ s✐❣♥❛❧✳
❚❤❡ r❡s✉❧ts ♦♥ ❜♦t❤ s✐♠✉❧❛t❡❞ ❞❛t❛s❡ts s❤♦✇ t✇♦ t✐♠❡s ❤✐❣❤❡r ✐♥❝r❡❛s❡ ✐♥ ❙◆❘ ♦❢ t❤❡ ◆▲✲♠❡❛♥s ♠❡t❤♦❞s
t❤❛♥ ✐♥ t❤❡ ●❛✉ss✐❛♥ ✜❧t❡r✐♥❣✱ s❡❡ ❋✐❣✉r❡ ✹✳ ❚❤❡ ◆▲✲♠❡❛♥s ✇✐t❤ t✐♠❡✲♥❡✐❣❤❜♦r❤♦♦❞ ✐s ❛♣♣r♦①✐♠❛t❡❧② ✶❞❇ ❜❡tt❡r
t❤❛♥ t❤❡ st❛♥❞❛r❞ ◆▲✲♠❡❛♥s ❢♦r ❛❧❧ ✐♥♣✉t ✐♠❛❣❡s ❡①❝❡♣t ❢♦r t❤❡ ✜rst s✐♠✉❧❛t❡❞ ❞❛t❛s❡t ✇❤❡r❡ t❤❡ ❞✐✛❡r❡♥❝❡ ✐s
♥❡❣❧✐❣✐❜❧❡ ❢♦r ♠♦r❡ t❤❛♥ ✷✵ r❡♣❡t✐t✐♦♥s✳
◗✉❛❧✐t❛t✐✈❡ ❝♦♠♣❛r✐s♦♥ ♦❢ t❤❡ r❡s✉❧ts ♦♥ s✐♠✉❧❛t❡❞ ❞❛t❛s❡ts s❤♦✇s s✐❣♥✐✜❝❛♥t❧② ❧❡ss ♥♦✐s❡ ✐♥ t❤❡ ◆▲✲♠❡❛♥s
✜❧t❡r❡❞ r❡s✉❧t t❤❛♥ ✐♥ t❤❡ s✐♠♣❧❡ ●❛✉ss✐❛♥ ✜❧t❡r✐♥❣✱ s❡❡ ❋✐❣✉r❡ ✺✳ ❚❤❡ ✐s ♥♦ s✐❣♥✐✜❝❛♥t q✉❛❧✐t❛t✐✈❡ ❞✐✛❡r❡♥❝❡
❜❡t✇❡❡♥ t❤❡ st❛♥❞❛r❞ ◆▲✲♠❡❛♥s ❛♥❞ t❤❡ ◆▲✲♠❡❛♥s ✇✐t❤ t❤❡ ❡①t❡♥❞❡❞ t✐♠❡✲♥❡✐❣❤❜♦r❤♦♦❞✳
❚❤❡ t✐♠❡ ◆▲✲♠❡❛♥s ♦✛❡rs ✷❞❇ ✐♥❝r❡❛s❡ ✐♥ ❙◆❘ ❢♦r t❤❡ r❡❛❧ ❞❛t❛ ✇✐t❤ ✺✱ ✶✵ ❛♥❞ ✶✺ r❡♣❡t✐t✐♦♥s ❛♥❞ ♠♦r❡
t❤❛♥ ✵✳✺ ❞❇ ❢♦r t❤❡ ✐♠❛❣❡s ✇✐t❤ ♠♦r❡ r❡♣❡t✐t✐♦♥s ✇❤❡♥ ❝♦♠♣❛r❡❞ ✇✐t❤ ❜♦t❤ ♦t❤❡r t❡st❡❞ ♠❡t❤♦❞s✱ s❡❡ ❣r❛♣❤
♦♥ ❋✐❣✉r❡ ✻✳ ❚❤❡ t✐♠❡ ◆▲✲♠❡❛♥s r❡s✉❧ts ❤❛✈❡ q✉❛❧✐t❛t✐✈❡❧② t❤❡ ❤✐❣❤❡st ❧❡✈❡❧ ♦❢ ♥♦✐s❡ s✉♣♣r❡ss✐♦♥✱ ✇❤✐❧❡ t❤❡
str✉❝t✉r❡s ❛r❡ ♥♦t ♦✈❡rs♠♦♦t❤❡❞✱ s❡❡ ✼✳
✹✳ ❉■❙❈❯❙❙■❖◆ ❆◆❉ ❈❖◆❈▲❯❙■❖◆❙
■♥ t❤✐s ♣❛♣❡r✱ ✇❡ ❤❛✈❡ ♣r♦♣♦s❡❞ ❛♥ ❡①t❡♥s✐♦♥ ♦❢ t❤❡ ◆▲✲♠❡❛♥s ✜❧t❡r✐♥❣ t♦ t❤❡ t✐♠❡ ❞♦♠❛✐♥✳ ❲❡ ❤❛✈❡ s❤♦✇♥ t❤❛t✱
✉s✐♥❣ t❤✐s ♠❡t❤♦❞✱ ✐t ✐s ♣♦ss✐❜❧❡ t♦ ❞❡♥♦✐s❡ t❤❡ ❆❙▲ ❞❛t❛ ✇✐t❤♦✉t ❛♥② ♣r✐♦r ❦♥♦✇❧❡❞❣❡ ♦r ♠♦❞❡❧✳ ❚❤❡ ♠❡t❤♦❞
♣❡r❢♦r♠❛♥❝❡ ❤❛s ❜❡❡♥ ✈❛❧✐❞❛t❡❞ ♦♥ ❛ s✐♠✉❧❛t❡❞ ❞❛t❛ ✇✐t❤ ❛❞❞❡❞ ♥♦✐s❡ ❛♥❞ ❛❧s♦ ♦♥ ❛ r❡❛❧ ❞❛t❛s❡t✳ ■♥❝r❡❛s❡❞ ❙◆❘
❋✐❣✉r❡ ✸✳ ❘❡s✉❧t ♦❢ ✜❧t❡r✐♥❣ ♦♥ t❤❡ s✐♠✉❧❛t❡❞ ❞❛t❛s❡t ✇✐t❤ ❛❞❞❡❞ ♥♦✐s❡ ❧❡✈❡❧ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✷✵ r❡♣❡t✐t✐♦♥s✳ ✭❧❡❢t✮ ❚❤❡
❙◆❘ ❛✈❡r❛❣❡❞ ♦✈❡r ❛❧❧ s❧✐❝❡s ✐s s❤♦✇♥ ❢♦r ❞✐✛❡r❡♥t TIs✳ ✭r✐❣❤t✮ ❚❤❡ ❙◆❘ ❛✈❡r❛❣❡❞ ♦✈❡r ❛❧❧ TIs ✐s s❤♦✇♥ ❢♦r ❞✐✛❡r❡♥t s❧✐❝❡s✳
❋✐❣✉r❡ ✹✳ ✭❧❡❢t✮ ❋✐rst s✐♠✉❧❛t❡❞ ❞❛t❛s❡t ✭♥♦✐s❡ ❛❞❞❡❞✮✱ ✭r✐❣❤t✮ s❡❝♦♥❞ s✐♠✉❧❛t❡❞ ❞❛t❛s❡t ✭♥♦✐s❡ ❛❞❞❡❞ t♦ ❍r❛❜❡✬s ♠♦❞❡❧✮✳
❚❤❡ ♠❡❛♥ ❙◆❘ ♦✈❡r ❛❧❧ s❧✐❝❡s ❛♥❞ ✐♥✈❡rs✐♦♥ t✐♠❡s ✐s ❞✐s♣❧❛②❡❞ ❢♦r r❡❝♦♥str✉❝t✐♦♥s ♦❢ s✐♠✉❧❛t❡❞ ✐♠❛❣❡s ✇✐t❤ ♥♦✐s❡ ❧❡✈❡❧
❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✶✕✸✵ r❡♣❡t✐t✐♦♥s✳
◆♦✐s② ●❛✉ss ◆▲✲s♣❛❝❡
◆▲✲t✐♠❡ ●r♦✉♥❞ tr✉t❤ ❚✶ ✐♠❛❣❡
❋✐❣✉r❡ ✺✳ ❋✐❧t❡r✐♥❣ ♦❢ t❤❡ ❞❛t❛s❡t ✇✐t❤ ❛❞❞❡❞ ♥♦✐s❡ ❝♦rr❡s♣♦♥❞✐♥❣ t♦ ✷✵ r❡♣❡t✐t✐♦♥s✳ ❚❤❡ s❡❝♦♥❞ s❧✐❝❡ ✐s ❞✐s♣❧❛②❡❞ ❢♦r t❤❡
✐♥♣✉t ❛♥❞ ❣r♦✉♥❞✲tr✉t❤ ❞❛t❛ ❛♥❞ ❢♦r t❤❡ r❡s✉❧ts ♦❢ ❛❧❧ t❤❡ t❤r❡❡ ✜❧t❡r✐♥❣ ♠❡t❤♦❞s✳
❋✐❣✉r❡ ✻✳ ❚❤❡ ❙◆❘ ♦❢ t❤❡ ✜❧t❡r❡❞ ❞❛t❛ ❢r♦♠ ✺✱✶✵✱✶✺✱✷✺ ❛♥❞ ✸✵ r❡♣❡t✐t✐♦♥s ❛s ❝♦♠♣❛r❡❞ ✇✐t❤ t❤❡ ❛✈❡r❛❣❡ ♦✈❡r ✶✺✵ r❡♣❡t✐t✐♦♥s
✉s✐♥❣ ❧❡❛✈❡✲♦♥❡✲♦✉t ❝r♦ss ✈❛❧✐❞❛t✐♦♥✳
◆♦✐s② ●❛✉ss ◆▲✲s♣❛❝❡
◆▲✲t✐♠❡ ●r♦✉♥❞ tr✉t❤ ❚✶ ✐♠❛❣❡
❋✐❣✉r❡ ✼✳ ❋✐❧t❡r✐♥❣ ♦❢ t❤❡ r❡❛❧ ❞❛t❛s❡t ♦❢ ✷✵ r❡♣❡t✐t✐♦♥s✳ ❚❤❡ ❢♦✉rt❤ s❧✐❝❡ ✐s ❞✐s♣❧❛②❡❞ ❢♦r t❤❡ ✐♥♣✉t ❛♥❞ ❣r♦✉♥❞✲tr✉t❤ ❞❛t❛
❛♥❞ t❤❡ r❡s✉❧t ♦❢ ❛❧❧ t❤❡ t❤r❡❡ ✜❧t❡r✐♥❣ ♠❡t❤♦❞s✳
✇❛s ❞❡♠♦♥str❛t❡❞ ✐♥ ❛❧❧ t❡st❡❞ ❝❛s❡s✳ ❚❤❡ ♠❡t❤♦❞ ❛❧s♦ ♣r♦❞✉❝❡❞ ❜❡tt❡r r❡s✉❧ts ✐♥ t❡r♠s ♦❢ ❙◆❘ t❤❛♥ ●❛✉ss✐❛♥
✜❧t❡r✐♥❣ ✐♥ t✐♠❡ ✇❤✐❝❤ ✐s✱ ❛s ❢❛r ❛s ✇❡ ❦♥♦✇✱ t❤❡ ♦♥❧② ❞❡♥♦✐s✐♥❣ ♠❡t❤♦❞s ✉s❡❞ t♦ ✜❧t❡r ♠✉❧t✐✲TI P❆❙▲ s❡q✉❡♥❝❡s✳
❚❤❡ ❛✉t♦♠❛t✐❝ s❡tt✐♥❣ ♦❢ t❤❡ s♠♦♦t❤✐♥❣ ♣❛r❛♠❡t❡r h✶✷ ♦❢ t❤❡ t✐♠❡ ◆▲✲♠❡❛♥s ♠❡t❤♦❞ ❜❛s❡❞ ♦♥ ♥♦✐s❡ ✈❛r✐❛♥❝❡
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